In free-radical olefin polymerization, polymer transfer reactions can lead to chain scission as well as to the formation of long-chain branches. The dimensions of branched polymers so formed are investigated theoretically, by focusing our attention on the effects of scission frequency that is often difficult to determine. Scission reactions decrease the weight-average molecular weight significantly. When the polymer molecules are fractionated by the degree of polymerization (DP), however, the averages of branching density P ρ and the mean-square radius of gyration of polymers with DP = P, <s 2 > P , are essentially unchanged, as long as the scission frequency is not very large. In a simple relationship between the ratios g and g' of radii of gyration and hydrodynamic radii, g' = g b , the value of b may change as a function of DP, and a simplified model function b = A log P + B was used to investigate the elution curve of size exclusion chromatography (SEC). It is shown that, although the molecular weight distribution (MWD) calibrated relative to standard linear polymers in SEC is much narrower than the true MWD, the use of a light scattering photometer to determine the absolute weight-average molecular weight within the elution volume makes the obtained MWD very close to the true one. On the basis of the <s 2 > P vs. P relationship, the calibrated MWD can be converted reasonably well to the true MWD. This simplified transformation method can be applied without knowing the scission frequency or the DP dependence of b. Once the true MWD is successfully estimated, a reliable parameter for the scission reaction can be determined.
Introduction
In the production of low-density polyethylene and copolymers through high-pressure free-radical polymerization, polymer transfer reactions are significant, and the radical centre on a backbone chain may break the chain as well as form a branch chain [1] [2] [3] [4] . Recently, a new Monte Carlo (MC) simulation method is proposed for such a complex reaction system [5] . In this MC method, one can investigate the structure of each polymer molecule directly, and various detailed structural information can be obtained in a straightforward manner.
In high-pressure ethylene polymerization, the polymer transfer constant leading to long-chain branching C b is large, and the value is considered reliable. On the other hand, the parameter for random scission has not been determined accurately yet, and it is not perfectly clear if the random scission reaction is really important in ethylene polymerization. To determine the frequency as well as the mechanism of scission reactions, the investigation of the molecular weight distribution (MWD) is needed. Size exclusion chromatography (SEC) or gel permeation chromatography (GPC) is a convenient technique to determine the full MWD.
In SEC, polymer molecules are considered to be fractionated by the hydrodynamic volume. The dimensions of branched polymers in dilute solution are smaller than those of linear polymers having the same molecular weight [6] . The calibrated MWD is obtained by using a set of linear polymer standards to establish the relationship between elution volume and molecular weight. This method is denoted as the RI method in this article, associated with the use of a differential refractive index detector. The RI method is known to give a narrower MWD than is true for branched polymers.
On the other hand, by using an online light scattering (LS) photometer, such as low angular (LALLS) or multiangular laser light scattering (MALLS) photometers, the weight-average molecular weight of every fraction can be determined directly. This method is denoted as the LS method in this article. In a branched polymer mixture, molecules whose hydrodynamic volume is the same but that have different molecular weights exist within the same elution volume because of differences in the branched structure. Therefore, the true MWD may not be obtained even when the LS method is used.
In an earlier theoretical investigation [7] , the cases with lower frequencies of scission reactions were considered, and the elution curves of SEC were estimated by using a simplified relationship between the ratios of radii of gyration and of hydrodynamic radii: g' = g b , with a constant b for all polymeric species. In this article, first, the effects of higher scission frequencies on the branched polymer structure are investigated. Then, the MWDs obtained with both the RI and LS methods are estimated, including the cases where the b-value depends on the molecular weight (MW). Finally, a simplified method is proposed to estimate the true MWD from SEC data, without knowing the scission frequency or the MW dependence of b.
Methods
We used the Monte Carlo simulation method proposed earlier [5] to determine the formed branched polymer structure. The elementary reactions considered are as follows: Initiation (rate in mol/(L·s), R I ), propagation (R p , with rate constant k p ), chain transfer to small molecules such as monomer, solvent and chain transfer agents (R f ), termination by disproportionation (R td ) and by combination (R tc ), and chain transfer reactions to polymer leading to long-chain branching (R b ) and chain scission (R s ). To simplify the discussion, R b and R s are assumed to be given by:
where [R • ] is the polymer radical concentration, and Q 1 is the first moment of the polymer distribution, meaning the total number of monomer units in polymer per liter.
The backbiting reactions that form short-chain branches are neglected in this article. The β-scission reaction of a terminal radical that forms a dead polymer chain and a radical of unit length could be accounted for in the R f term approximately.
According to the present MC method [5] , the branched structure formed was simulated by using the following four-grouped parameters:
Average branching density of polymers with DP = P
The Monte Carlo simulation enabled us to determine the branched polymer structure [5] as shown in the left panel of Fig. 1 . Note that all the elementary reactions and the history of the polymerization reactions were properly accounted for in building the structure. The simulation was conducted to obtain 4·10 4 polymer molecules, and the (true) MWD was estimated based on the DPs of 4·10 4 data. [nm]
[nm] Fig. 1 . Example of a branched polymer molecule formed under condition BS1 whose details are shown later. The 3D structure in a theta-solvent is drawn by assuming that one segment consists of 5 monomer units, and the segment length is L = 1.26 nm, which could be valid for polyethylene
The branching density of every polymer molecule, ρ, was determined based on the information on the number of branch points and the DP of each polymer molecule. Then, the average branching density for DP = P, P ρ , was obtained by calculating the average branching density within a small DP interval.
Average mean-square radius of gyration for polymers with DP = P
On the basis of the structural information as shown in the 2D picture of Fig. 1 , the 3D structure in a theta-solvent can be estimated by drawing each primary chain as the trajectory of a random walk, as shown in the right panel of Fig. 1 . In the figure, the circular symbols show the location of the branch points, except that in the centre, which shows the centre of mass. The sphere shown by the dots shows the radius of gyration of this conformation. The mean-square radius of gyration <s 2 > can be determined with sufficient accuracy by taking the average of a set of 100 repetitions [8] , i.e., by determining the 3D structure 100 times for the same polymer molecule. This repetition was conducted only for branched polymers. Within the polymer mixture, linear polymers also exist, and <s 2 > of linear polymers was determined from the following equation:
where L is the length of a segment, and U is the number of monomer units in a segment.
After the mean-square radius of gyration for every polymer molecule was determined, the average mean-square radius of gyration of polymer molecules having DP = P, <s 2 > P , was obtained by calculating the average <s 2 > within a small interval of DP.
Calibrated MWD obtained through the RI method
The method of determination for the calibrated DP, P*, of each polymer molecule based on the <s 2 > is described in detail in refs. [8, 9] . The following three assumptions were used for the calculation: Second, a simple relationship holds between the ratios of radii of gyration and hydrodynamic radii:
where g = <s 2 > br / <s 2 > l and g' = [η] br / [η] l , both relative to the linear polymer having the same DP.
Third, both g and g' were assumed to be insensitive to the type of solvent used, which could be a reasonable approximation [10] .
On the basis of the above three assumptions, the calibrated DP, P*, is given by [8, 9] :
where α = b / (a + 1), and a is the exponent in the Kuhn-Mark-Houwink-Sakurada relationship for the intrinsic viscosity of linear analogues. The exponent a is usually between 0.5 and 0.8, and a = 0.7 was used for the present simulation.
Note that the above procedure was conducted only for branched polymers. For linear polymers, simply P* = P. The density of weight fraction W(P*) was plotted with respect to the calibrated DP, P*, and the calibrated MWD in the RI method was determined.
MWD obtained through the LS method
For the simulation of the LS method, the weight-average molecular weight of every fraction was calculated and the x-axis changed to the weight-average molecular weight of each fraction, P LS . The y-axis is the density of each fraction W(P LS ) with W(P LS )dP LS = W(P*)dP*.
The value of b
In the present simulation study, the value of b is needed in Eq. (8) . It is usually between 0.5 and 1.5, depending on the type of branched polymer structure [11, 12] . Experimental results for low-density polyethylene suggest b = 1.0 -1.3 [11] . However, this value is considered the 'average' of all polymer molecules. Since the value of b is structure-dependent, it could be different for each polymer molecule in the branched polymer mixture. However, because of this uncertainty, in earlier studies [7] [8] [9] 13, 14] the elution curve of SEC was estimated by assuming a constant b for all polymer molecules.
Recently, experimental results have been reported [15] on the DP dependence of b for low-density polyethylene. According to ref. [15] , the relationship b = A log P + B, where A and B are constants, holds for the main body of MWD, with A ≈ -0.2. Obviously, since various different types of branched polymers exist for a given DP, the bvalue so determined is still an 'average'. However, this DP dependence could make the simulation more realistic and the investigation on the effects of a DP-dependent b on the SEC curve would be of keen interest both theoretically and experimentally. In this article, we use b = A log P + B with A = -0.1, -0.2, and -0.3. Because these values are simply assumed, the present calculated results for the SEC curve are just qualitative; however, these qualitative results could provide great insight into SEC measurement of branched polymer molecules.
Results and discussion
The parameters used are shown in Tab. 1. Generally, the values of τ and β defined by Eqs. (3) and (4), respectively, change with the progress of polymerization. However, we assumed constant values for simplicity. The parameters for BS1 are set to be close to the production of low-density polyethylene [5] . B1 is the case without random scission (C s = 0), and the value of C s is made larger in BSh1. The calculated developments of the weight-average DP ( w P ) are shown in Fig. 2 . Although MC simulation yields the weight-average DP, here the analytic expression for the weightaverage DP is used for the calculation [16] . w P is shown to decrease significantly as the parameter for scission reaction, C s , is increased. In this article, we consider the polymer structure when the conversion x = 0.6. Although x = 0.6 is too high for lowdensity polyethylene production, we wanted to investigate branched polymers with a high degree of branching in which the effects of scission are significant.
In the series B2, BS2 and BSh2, bimolecular termination is involved. These conditions are hypothetical. Under conditions B2 and BS2, gelation is predicted to occur during polymerization, as shown in Fig. 3 . Again, w P decreases significantly as C s is increased, and for BSh2 gelation does not occur. We investigate the polymer structure at x = 0.3. The total of 4·10 4 polymer molecules were generated in the MC simulation. Some of the calculated results, including the full MWD, were already reported in earlier publications [5, 7] . 
Average branching density of polymers with DP = P
Figs. 4 and 5 show the average branching density of polymers with DP = P, P ρ . The P ρ -value increases significantly at small DPs, but it approaches a constant value rather quickly as P increases. Because small molecules, that exist very large in number, possess smaller branching densities, the average branching density of the whole reaction system ρ is smaller than the constant value of P ρ at large P, i.e., ∞ → P ρ . It was reported experimentally that the branching density is approximately constant for all molecular weight species for low-density polyethylene [17] . This constant value would be
Figs. 4 and 5 show that ∞ → P ρ tends to become slightly larger as the scission frequency increases. However, considering a large difference of w P -values due to the change in C s , the relationship between P ρ and P is rather insensitive. As long as the scission frequency is not very high, ∞ → P ρ can be estimated reasonably well based on the simulation data for B1, where no scission reactions are involved. Therefore, the simulation program for the system without scission reactions [18, 19] , which is much simpler, can be used to estimate ∞ → P ρ -values with scission reactions reasonably well.
Average mean-square radius of gyration for polymers with DP = P
Figs. 6 and 7 show the average <s 2 > of polymers having DP = P, <s 2 > P . On the yaxis, U is the number of monomer units in a segment, which is 5 for the present simulation, and L is the segment length. The frequency of scission possesses negligible effects on <s 2 > P even when C s changed significantly, although there seems to exist a very weak tendency to become smaller as C s increases as shown in the figure. The relationship between <s 2 > P and P can be determined reasonably well based on the Monte Carlo simulation using C s = 0 for which a much simpler simulation program [18, 19] can be applied. When analyzing the dimensions of branched polymer molecules, the Zimm-Stockmayer equation [6] is often used, which is given by:
where P m is the average number of branch points for DP = P.
Strictly, in order for the above equation to be valid, (i) the branch points must be distributed randomly, and (ii) the primary chains must conform to the most probable distribution. In the present reaction system, the primary chains formed in the earlier stages of polymerization are subjected to branching reactions for a longer period of time, and therefore, the branching density of these chains is expected to be larger than of the primary chains formed in the later stages of polymerization. The branch points are not distributed randomly. In addition, the primary chain length distribution changes with polymerization, and the distribution of all primary chains does not conform to the most probable distribution. Consequently, the Zimm-Stockmayer equation may not be applied in the present reaction system.
To examine the applicability of the Zimm-Stockmayer equation, we calculated Eq. (10) . P m is given by:
As shown in Figs. 4 and 5, P ρ reaches a constant value rather quickly, and therefore, the following approximation can be used with sufficient accuracy [19] : 
MWD measured in SEC
The MWDs expected to be obtained in SEC using a constant b-value for BS1 and BS2 were reported separately [7] . In this article, we use a size-dependent b. Fig. 8 shows the functional form for the DP dependence, b = A log P + B with A = -0.1, -0.2, and -0.3. All lines cross at (log P, b) = (3.5, 1.2). The value log P = 3.5 approximately corresponds to the peak DP of the MWD function, W(log P), for BS1. The value b = 1.2 is approximately equal to the value reported for low-density polyethylene as an overall average value. The slope is set to be close to the reported value for low-density polyethylene, which is A ≈ -0.2 [15] . Note that the major body of MWD for BS1 is between log P = 1 and 4.5, and that the majority of polymers with log P < 2 are linear so that a b-value is not required. Fig. 9 shows an example of the simulated MWD. By the RI method, the high molecular weight tail is underestimated significantly, and the obtained MWD is much narrower than the true MWD.
On the other hand, when the LS method is used, the obtained MWD is very close to the true MWD. The LS method promises to give a good estimate of the true MWD for various types of nonlinear polymers [7] [8] [9] 14] , except for comb polymers where a small but clear deviation is observed [13] . Note, however, that we assume the true weight-average molecular weight in every fraction to be measured perfectly, and that problems involved in the LS-SEC technique itself, such as the exclusion limit and concentration effects on the LS intensity, are not considered here. 
Simplified method to convert the calibrated MWD to the true MWD
The MWD measured in the LS method is considered a reasonable estimate of the true MWD. Therefore, if the MWD data obtained through the LS method are available, one can conduct the molecular weight analysis, for example, to determine the parameter for the scission reaction accurately. On the other hand, suppose the MWD obtained in the RI method is the only available information, one needs to find a way to convert the MWD to the true MWD.
Suppose the variation in the radii of gyration around the average value for a given DP is neglected, i.e., all polymer molecules with P are assumed to possess the same mean square radius of gyration, <s 2 > P , such as shown in Figs. 6 and 7. By using the relationship between <s 2 > P and P, the calibrated DP, P* (the x-axis value in the MWD) can be converted to the true DP based on Eq. (9). Fig. 10 shows the converted MWD, and it is compared with the true MWD. The S2 relationship for the DP dependency of b (slope = -0.2) is used for this case. As shown in the figure, the calibrated MWD (RI method) is converted to become close to the true MWD. Note that the relationship between <s 2 > P and P can be established without reliable C svalue, and therefore, the present simplified method can be applied as long as other kinetic parameters as well as the functional form of b are known. On the other hand, in the above transformation method, the functional form of b, b = A log P + B in the present example, must be known. However, such a function is usually unavailable, and only the representative b-value is known for many types of polymers. Therefore, we investigated if the use of a constant b for all polymer molecules (a single b-value usually reported in experiments) may give a reasonable estimate of the true MWD. To simplify the discussion, we used b = 1.2, which is the value for the peak-top DP of the MWD in W(logP). Fig. 11 shows the converted results. The weight-average DPs of the converted MWDs are summarized in Tab. 2. As the slope of b = A log P + B increases, the deviation becomes larger; however, the errors may not be very large, considering the fact that about 10% of errors are usually involved in the SEC measurements. At least, qualitative MWD profiles would be estimated reasonably well based on the method using the <s 2 > P -P relationship. 
Conclusions
The dimensions of branched polymers formed in free-radical polymerization that involves simultaneous long-chain branching and random scission, where a reliable parameter of scission reactions is often unavailable, were investigated theoretically. It was found that although the weight-average molecular weight decreases significantly as the scission frequency increases, the relationships of P ρ vs. P and <s 2 > P vs. P are essentially unchanged, as long as the scission frequency is not very large.
In general, the value of b changes with DP, and b = A log P + B is assumed in the present investigation. It was found that although the MWD calibrated relative to standard linear polymers in SEC is much narrower than the true MWD, the use of a light scattering photometer leads to a good estimate of the true MWD.
When the calibrated MWD is the only available MWD data, the true MWD can be estimated reasonably well as follows. First, the <s 2 > P -P relationship is determined based on MC simulations. Simulations that do not account for the scission reactions can be used for this purpose. Then, by using the <s 2 > P -P relationship, the calibrated MWD is converted to estimate the true MWD. A representative single b-value may be used for this transformation, even when b changes with DP. Once the true MWD is successfully estimated, a reliable parameter for the scission reaction can be determined.
